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A new model of single quantum dot (QD) spectral diffusion based on variations of the electron-
phonon coupling strength was introduced. It was applied successfully to describe intriguing effect
of the correlation between the positions of the maxima and the widths of single QDs luminescence
spectra. The model was able to describe the linear dependence between the spectral parameters
observed in our experiments with single CdSe/ZnS QDs in a broad temperature range above room
temperature in nitrogen atmosphere.
Colloidal semiconductor quantum dots (QDs) are very
interesting objects because of their unique optical prop-
erties such as a wide absorption spectrum, a narrow emis-
sion line, size-tunable emission wavelength, high photo-
stability and high florescence quantum yield. The very
first spectroscopic measurements of single CdSe quantum
dots photoluminescence revealed such interesting phe-
nomena as long-term fluctuations of the emission inten-
sity (blinking) [1] and very slow spectral diffusion (SD)
[2, 3] with characteristic time scales up to hundreds sec-
onds. The original explanation of SD [2, 4, 5] is based on
the quantum-confined Stark effect caused by the move-
ment of charge carriers around individual QDs. It’s be-
lieved that the observed spontaneous spectral diffusion
occurs due to the fluctuating electric fields produced by
accumulation and redistribution of charges placed either
in the nearby environment of a QD or directly on its
surface. Muller et al. [6, 7] observed the SD of a sin-
gle CdSe QD capped by a CdS rod-like shell at various
temperatures from 5 K to room temperature and found
a correlation between the width and the peak position
of the QD spectra. The authors claimed that the corre-
lation arises due to the fact that the net surface charge
induces a Stark shift of the emission energy depending on
the distance to the CdSe core while the spatial jitter of
the charge density causes spectral line broadening. Such
a mechanism should lead to variations in the dependence
of the linewidth on the peak position with a change in
the dielectric properties of the medium. Gomez et al. [8]
performed a series of spectroscopic experiments on single
QDs spincoated on top of thin films of various polymer
matrices. The experiments showed that the spectral dif-
fusion properties did not differ significantly for the vari-
ous matrices used. As such the question about the micro-
scopic mechanism of QD spectral diffusion remains open.
Note the general interest to the microscopic nature of
SD processes which were observed for most single quan-
tum emitters: single organic dye molecules [9–11], single
light harvesting complexes and proteins [12], color centers
in diamonds [13], single rare-earth ions in crystals [14]. In
 
SPAD1 
SPAD2 
X 
Z 
Y Piezo 
stage 
Laser 
50/50 
Filter 
Prism 
spectrometer 
Spatial 
filter 
EMCCD 
EMCCD 
t 
Peltier 
element 
N2 atmosphere 
g
(2)
(τ) 
Figure 1. A schematic picture of the experimental setup
many cases SD has been attributed to the tunneling pro-
cesses in an emitter and/or its local surroundings. At the
same time the relation between SD and phonon-assisted
optical dephasing was always under discussion. Here we
present the in-depth experimental and theoretical study
of the spectral diffusion of single colloidal semiconductor
QDs CdSe/ZnS in the context of its feasible relation to
the electron-phonon coupling.
In order to shed light on this question we performed a
set of spectroscopic experiments with single QDs includ-
ing unique measurements with slow heating and cooling
of a sample.
Fluorescence images and spectra of single quantum
dots were recorded using a home-built fluorescence mi-
croscope equipped with a prism spectrometer [15]. Two
optical schemes - a wide-field scheme and a scanning con-
focal one - were combined in the microscope in order to
simplify the procedure of single quantum dot preliminary
searching (by using fluorescence image processing and an-
tibunching identification) and to perform sequential mea-
surements of the fluorescence spectra of the selected QD.
Quantum dots (CdSe/ZnS from Sigma Aldrich with the
fluorescence peak at 620 nm) were dispersed in a toluene
solution of polyisobutylene of low concentration and then
spincoated onto a cover glass. The thickness of polymer
films with single quantum dots varied within the range of
2several tens of nanometers. The sample was placed onto
the piezo-driven stage (NanoScanTechnology), which al-
lowed one to move the selected QD to the laser spot
position with high (nanometer) precision. Between the
sample and the piezo-driven stage a thermo-insulating
(fluoroplastic) substrate a few millimeters thick was laid,
with a hole in the center allowing the microscope ob-
jective to approach the plane of the sample at the re-
quired distance. In the thermo-insulating substrate there
was a temperature sensor that had good thermal contact
with the sample. On top of the sample, a three-stage
thermoelectric module was pressed, which was used to
heat or cool the sample. This optical scheme (including
the piezo-driven stage with the sample, the microscope
objective, and the thermoelectric module) was mounted
inside a special home-built chamber, allowing measure-
ments both in a vacuum or in a gas nitrogen/helium
atmosphere. In this particular case, the measurements
were performed in a nitrogen atmosphere. The sample
temperature was controlled by a LakeShore temperature
controller. A tunable dye laser (Coherent CR599) or solid
state laser Coherent Verdi were used to excite quantum
dots at the wavelength of 580 nm (near the quantum
dot absorption band edge) or at 532 nm correspond-
ingly. The excitation laser intensity (1˜00 W/cm2 in a
focused spot) was attenuated by neutral spectral density
filters (Standa) and controlled by a Newport power me-
ter. A set of interference filters (Semrock and Thorlabs)
was used for the separation of the QD fluorescence signal
from the scattered laser radiation. Two highly sensitive
cooled EMCCD cameras were utilized to record single
quantum dot images (Andor Luca) and spectra (Andor
Ixon Ultra). The Hanbury Brown and Twiss scheme with
broadband 50 % splitter (Thorlabs) and two identical
SPAD detectors (EG&G SPCM-200PQ, time resolution
1 ns, dead time 200 ns, QE 50 %) was used to measure
the autocorrelation function for QD fluorescence inten-
sity. Each fluorescence spectrum from a single quantum
dot was measured with an exposure time of 200 ms and
a spectral resolution of 0.7 nm, which was sufficient to
achieve a good signal-to-noise ratio.
In experiments at room temperature for each studied
single QD we registered 2500- 3000 emission spectra with
200 ms accumulation time. Spectral traces for some QDs
are shown in Fig. 2.
Each spectrum was fitted with a Gaussian function
G(ǫ) =
G0√
2πσ
exp
{
− (ǫ− ǫ0)
2
2σ2
}
+ b
whose four parameters were: peak emission photon en-
ergy ǫ0, energy dispersion σ
2, scale ratio G0 and back-
ground noise level b. An example of a typical spectrum
fitting is shown in Fig. 3.
In order to make sure that the measured spectra were
not subjected to additional broadening due to spectral
shifts during the signal accumulation time, squared peak
Figure 2. Spectral traces for single CdSe/ZnS quantum dots
measured at room temperature
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Figure 3. The emission spectrum of a single CdSe/ZnS QD
(blue line) and its fit with a Gaussian (dashed line). Param-
eters of the fit are ǫ0 = 2.029 eV, σ
2 = 336.9 meV2
energy displacement of a typical single QD emission spec-
trum
D2(τ) =
〈
(ǫ0(t)− ǫ0(t+ τ))2
〉
was plotted as a function of τ (Fig. 4). As can be seen,
the D2 at τ = 200 ms becomes much smaller than the
energy dispersion of a typical single QD spectrum accu-
mulated during the same time interval.
Plotting the fitting results on the ”peak energy - energy
dispersion” plane for any single QD reveals a significant
correlation between these values (see Fig. 5). As seen
the ǫ0 dependence on the energy dispersion can be ap-
proximated by a linear function for different single QDs.
To explain this dependence, we suggest a new model of
the spectral diffusion based on variations of the electron-
phonon coupling. Such variations were observed exper-
imentally in single colloidal QDs [7] as well as in sin-
gle chromoprotein molecules [16, 17]. The Hamiltonian
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Figure 4. Time dependence of D2 function for a single QD
at room temperature (black diamonds). The red line is ∼ τβ.
The value of β is 0.603
of the electronic system in our model depends on the
electron-phonon interaction value A(t):
Hˆ = Hˆ0 +A(t)
S∑
i=1
qˆi(ai|e〉〈e|+ bi|g〉〈g|) (1)
where
Hˆ0 =
S∑
i=1
pˆ2i
2
+
ω2i
2
qˆ2i + E0|e〉〈e| (2)
E0 is the energy gap, |g〉 and |e〉 are the ground state
and excited electronic state of the QD, respectively. We
assume that electronic system interacts with S phonon
modes. Each i-th phonon mode is characterized by the
frequency ωi, excited state interaction coefficient ai and
ground state interaction coefficient bi.
The emission spectrum at a given value of A within
the model has a Gaussian form with the following pa-
rameters (see details of the derivation in Supplementary
Information):
ǫ0 = E0 −A2
S∑
i=1
ai(ai − bi)
ω2i
(3)
σ2 = kTA2
S∑
i=1
(ai − bi)2
ω2i
(4)
Slow variations of A(t) with time will lead to shifts in the
position of the maximum (spectral diffusion) and changes
of the spectrum width. From Eqs. (3-4) we get the linear
dependence
σ2 = αkT (E0 − ǫ0) (5)
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Figure 5. The peak energy versus the energy dispersion for
different single QDs at room temperature (black points) and
the theoretical dependence (5) (red lines).
where
α =
[
S∑
i=1
ai(ai − bi)
ω2i
]
−1
S∑
i=1
(ai − bi)2
ω2i
The α values are in the range from 0.48 to 0.63 for the
most of the observed QDs at room temperature (Fig. 5).
In order to check the theory at different temperatures the
spectroscopic experiment on one quantum dot was per-
formed with heating and cooling of the sample. Twenty
spectra were measured at each selected temperature in
the range from 305.5 K to 353.6 K. It was found that
all the data can be well fitted by Eq.(5) with α = 0.63
provided the energy E0 gap depends on temperature. As
seen in Fig. 6, the E0 value proves to decrease with tem-
perature rise. The changes in the effective band gap pre-
sumably occur due to thermal expansion. Importantly,
this result doesn’t depend on the process which led the
system to that temperature (heating or cooling).
Thus, the proposed model explains all the experimen-
tal results on single QD spectral diffusion at tempera-
tures of 300 K and above. The model is also consistent
with the experimental results of Gomez et al. [8], since
the electron-phonon interaction in QDs is not related to
the dielectric properties of the environment. Dependence
of the ”pure” energy gap E0 on temperature is the prin-
cipal result, since the electron-phonon interaction is usu-
ally considered as the main cause of a spectrum peak
position shift with temperature [18, 19].
What is the mechanism of variations in the magni-
tude of the electron-phonon interaction? Plakhotnik et
al. [20] showed that the squared energy displacement of
a single QD emission at cryogenic temperatures has an
anomalous (sublinear) behavior at short times D2 ∼ τβ ,
where β < 1. It was explained by introducing a num-
ber of stochastic two-level systems (TLS) having a wide
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Figure 6. The peak energy versus the energy dispersion for
a single QD at various temperatures (points). The solid lines
indicate the theoretical prediction at different temperatures.
Parameter α = 0.63.
distribution of flipping rates. The squared energy dis-
placement calculated with the use of our experimental
data at room temperature also shows a similar sublinear
time dependence (Fig.4).
That means that the TLS model can be used to de-
scribe SD at high temperatures as well. A similar model
named the Multiple Recombination Center (MRC) model
was suggested by Frantsuzov et al. for describing single
QD blinking [21]. The MRC model reproduces the key
properties of single QD blinking, such as the ON and
OFF time distribution functions [21], the power spectral
density [22], and the long-term correlations between sub-
sequent blinking times [23]. This suggests that spectral
diffusion and the fluctuations of the emission intensity
of a single QD can be explained by a unified mechanism
[24].
In conclusion, our experiments show a linear correla-
tion between the position of the maximum and the dis-
persion of a single QD emission spectrum. In order to ex-
plain the experimental results, we propose a new model
of QD spectral diffusion based on a slow variation of the
electron-phonon interaction. The model was justified by
the obtained unique experimental data.
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I. EMISSION SPECTRUM
The Hamiltonian of the electronic system has the form:
Hˆ = Hˆ0 +A(t)
S∑
i=1
qˆi(ai|e〉〈e|+ bi|g〉〈g|) (1)
where
Hˆ0 =
S∑
i=1
pˆ2i
2
+
ω2i
2
qˆ2i + E0|e〉〈e| (2)
E0 is the energy gap, |g〉 and |e〉 are the ground state
and excited electronic state of the QD, respectively. We
assume that electronic system interacts with S phonon
modes. Each i-th phonon mode is characterized by the
frequency ωi, excited state interaction coefficient ai and
ground state interaction coefficient bi.
In classical limit the thermal distribution function of
the coordinates qi in the excited electronic state is given
by the Boltzmann distribution:
P (q) =
1
Z
exp
{
− 1
kT
S∑
i=1
(
ω2i
2
q2i +Aqiai
)}
(3)
The energy of the emitted photon at given values of the
phonon coordinates is equal to the difference between the
energies of the excited and ground states
ǫ = E0 +
S∑
i=1
(ai − bi)qi (4)
Eq.(3) is multi-dimension Gaussian distribution,
Eq.(4) is linear function of coordinates qi. From this
it follows that the distribution of ǫ is also Gaussian
p(ǫ) =
1√
2πσ
exp
{
− (ǫ− ǫ0)
2
2σ2
}
where the parameters ǫ0 and σ
2 can be found as by av-
eraging over the distribution (3)
ǫ0 = 〈ǫ〉 = E0 +A
S∑
i=1
ai〈qi〉 (5)
σ2 = 〈(ǫ − 〈ǫ〉)2〉 = A2
S∑
i=1
(ai − bi)2
〈
(qi − 〈qi〉)2
〉
(6)
The mean values for the coordinates can be easily found
by integration over distribution (3)
〈qi〉 = −A ai
ω2i
〈
(qi − 〈qi〉)2
〉
= A
(ai − bi)2
ω2i
Substituting these expressions into the Eqs. (5-6) gives
Eqs. (3-4) in the main text.
